Background: Ras nanoclusters contain 6 -8 Ras proteins on the plasma membrane and serve as indispensable signaling platforms for Ras-MAPK signaling. Results: Ras membrane conformer mutants impart specific galectin-1-dependent nanoclustering responses. Conclusion: Mutations in Ras can affect its nanoclustering response and thus allosterically effector recruitment and downstream signaling. Significance: Disease-associated mutations that perturb Ras membrane conformers may alter signaling through nanoclustering.
Solution structures and biochemical data have provided a wealth of mechanistic insight into Ras GTPases. However, information on how much the membrane organization of these lipid-modified proteins impacts on their signaling is still scarce. Ras proteins are organized into membrane nanoclusters, which are necessary for Ras-MAPK signaling. Using quantitative conventional and super-resolution fluorescence methods, as well as mathematical modeling, we investigated nanoclustering of H-ras helix ␣4 and hypervariable region mutants that have different bona fide conformations on the membrane. By following the emergence of conformer-specific nanoclusters in the plasma membrane of mammalian cells, we found that conformers impart distinct nanoclustering responses depending on the cytoplasmic levels of the nanocluster scaffold galectin-1. Computational modeling revealed that complexes containing H-ras conformers and galectin-1 affect both the number and lifetime of nanoclusters and thus determine the specific Raf effector recruitment. Our results show that mutations in Ras can affect its nanoclustering response and thus allosterically effector recruitment and downstream signaling. We postulate that cancer-and developmental disease-linked mutations that are associated with the Ras membrane conformation may exhibit so far unrecognized Ras nanoclustering and therefore signaling alterations.
The Ras-MAPK pathway is spatiotemporally regulated on many levels (1, 2) . Its central switch Ras toggles between GTP-onand GDP-off-states, which are characterized by marked conformational differences of the so-called switch I and II regions. A wealth of structural and biochemical data of Ras have been accumulated, which describe the thermodynamics of its interactions and explain Ras activity, however, only of the soluble portion of the protein (3) . Thus, the mechanistic basis for the most frequent oncogenic Ras mutations in codons 12, 13, and 61, as well as mutations in its regulators, guanine nucleotide exchange factors, which activate Ras or GTPase-activating proteins, that critically accelerate deactivation were understood (4) . However, Ras proteins are dynamically membrane anchored by a farnesyl group in conjunction with palmitoyl groups or a stretch of basic amino acids that are all located at its C terminus (2, 5) . Relatively little is known about the Ras reaction system in its native membranous environment. In the plasma membrane, ϳ40% of Ras proteins laterally segregate into distinct nanoscopic proteolipid domains, the so-called nanoclusters. Nanoclusters are only 6 -20 nm in dimension and contain 6 -8 Ras proteins (6 -8) . Current evidence suggests that nanoclusters are immobile with lifetimes broadly estimated to be as short as microseconds or to reach up to 0.5 s (7, 9, 10) .
Although nanoclustering is an intrinsic property of membrane-bound Ras polypeptides (9) , its stability may be regulated by nanocluster scaffolding proteins such as galectin-1 (Gal-1) 3 and -3 (10 -13) . Structural modeling and experimental data suggest that Gal-1 can accommodate the farnesyl moiety on the C terminus of H-ras, yet it must recognize the G-domain directly or indirectly, as it binds only to active GTP-loaded H-ras (14, 15) . The exact structural mechanism, stoichiometry, and complex composition of H-ras-and Gal-1-containing nanoclusters are, however, unknown. Overexpression of Gal-1 enhances the stability of H-ras nanoclusters, which can be followed by an increased immobilization of Ras and downstream MAPK signaling (10, 11, 14) , whereas its down-modulation decreases H-ras nanoclustering (12) . Importantly, nanoclustering does not only lend the Ras reaction system new properties, such as signaling robustness and noise resistance, but is required for proper signaling (16) .
We previously described a novel mechanism of how Ras operates on the membrane (17) (18) (19) . Computational simulations of membrane-bound H-ras in combination with Förster/ Fluorescence resonance energy transfer (FRET) experiments in intact mammalian cells suggested that H-ras exists in a nucleotide-dependent conformational equilibrium on the membrane that is guided by the novel switch III. Switch III is formed by the ␤2-␤3 loop (also known as interswitch in Rab and Arf proteins (20) ) in conjunction with helix ␣5 and exhibits less overt conformational changes than the classical switch I and II regions (21, 22) . When structural simulations were carried out with GTP-bound H-ras, an unexpected conformer with a reoriented G-domain was found, which was stabilized by membrane contacts of Arg-128/Arg-135 on helix ␣4 (Fig. 1A, right) . Conversely, when simulated with GDP-H-ras, a conformer with a more conventional membrane anchorage was observed, which was specifically stabilized by membrane contacts of residues Arg-169/Lys-170 in the hypervariable region (hvr) (Fig. 1A,  left) . These results suggested a GTP-dependent conformational equilibrium of H-ras on the membrane.
We subsequently showed that the Ras isoform/paralog-specific variations of the helix ␣4 and the hvr have a systematic impact on effector recruitment (18) , suggesting that the conformational equilibrium that is modulated by the properties of helix ␣4 and the hvr is important for Ras paralog-specific activity. Recent work by others supported G-domain membrane contacts (23, 24) and nucleotide-dependent G-domain reorientation of membrane-bound Ras (25, 26) .
Here, we investigated the mechanism by which the H-ras membrane conformers realize differential effector recruitment. Using in vitro binding of H-ras membrane conformers and the RBD, we confirmed that outside of the membrane, binding is identical. We then showed that differences in the Gal-1-dependent nanoclustering response determine effector recruitment. Using STED-FCS, FRAP, and FLIM-FRET, we followed the emergence, manifestation, and the activity of the mutant-specific H-ras signaling nanocluster. Our results significantly extend the previous model by revealing a complex, allosteric coupling between H-ras membrane conformers, Gal-1, and nanoclustering that dictates effector recruitment and signaling.
EXPERIMENTAL PROCEDURES
DNA Constructs and Molecular Cloning-Different expression plasmids for in vitro and cellular experiments were used. For protein expression in Escherichia coli, the pQE-A1 plasmid was generated from pQE-30 Xa (Qiagen, Hilden, Germany) with the following modifications; the sequence coding for the PreScission protease (GE Healthcare) recognition site and a sequence coding for the 12-amino acid A1 tag followed by a BglII restriction site were introduced between the original factor Xa recognition site and the multiple cloning site to allow for in-frame BgIII/KpnI cloning of H-ras mutant cDNAs. The Pre-Scission protease recognition site was introduced for an efficient removal of the His tag. The A1 tag (GDSLDMLEWSLM) is an alternative acyl carrier protein tag (New England Biolabs, Ipswich, MA) and is used for selective fluorescent protein labeling in vitro (27) . To construct the pQE-A1 plasmid, the sequence of N-terminally HA-tagged H-ras wild type (WT) was amplified from the pmGFP-H-ras(WT) plasmid (17) by two consecutive PCRs. First, the A1 tag (27) and the BglII restriction site were added with a forward primer, 5Ј-ATCGAGGGAAG-GCCTCTGGAAGTTCTGTTTCAGGGTCCTGGCGATAG-CCTGATATGCTGGAATG-3Ј (Sigma), and next the StuI restriction and PreScission protease recognition sites were added using a second forward primer 5Ј-GGCGATAGCCTG-GATATGCTGGAATGGAGCCTGATGGGAGATCTCGA-GCTCACCACCATGTACC-3Ј. For both PCRs the same reverse primer, 5Ј-CATTTTATGTTTCAGGTTC AGGG-3Ј, was used. PCR products were purified and subcloned into pCR TM II-Blunt-TOPO (Invitrogen). From there, the fragment was cloned into the pQE-30 Xa vector using StuI and KpnI restriction sites to produce pQE-A1-H-ras (WT). A1-tagged H-ras-R169A/K170A and H-ras-R128A/R135A plasmids were generated from corresponding pmGFP plasmids (17) by cloning via BglII and KpnI restriction sites into the pQE-A1 vector. For the RBD of c-Raf expression plasmid, the open reading frame of the RBD was amplified by PCR with addition of appropriate restriction sites from the pmRFP-RBD plasmid (17) , and the insert was cloned in-frame with the A1 tag (27) into the BglII and KpnI sites of the pQE-A1 vector. All final constructs were verified by DNA sequencing (GATC, Cologne, Germany). pOPINE2-Gal-1-His prokaryotic expression plasmid for galectin-1 was constructed in the protein expression facility of the University of Queensland, Brisbane, Australia, via in vivo ligation (28) . Mammalian expression plasmids encoding Nterminally mGFP-tagged H-ras orientation mutants, pmGFP-H-rasG12V-R169A/K170A, pmGFP-H-rasG12V-R128A/R135A, and pmGFP-H-rasG12V, as well as mRFP-tagged RBD of c-Raf (pmRFP-RBD) and galectin-1 (pmRFP-Gal-1) that were used for cellular experiments, have been described previously (17, 18) . Plasmids used for either knockdown (pcDNA3-asGal-1) or overexpression of untagged galectin-1 (pcDNA3-Gal-1) were described elsewhere (14) . To generate SNAP-tagged orientation mutants for fluorescence correlation spectroscopy enhanced with stimulated emission depletion (STED-FCS) experiments, H-rasG12V, H-rasG12V-R169A/K170A, and H-rasG12V-R128A/R135A sequence fragments from pmGFP-H-rasG12V, pmGFP-H-rasG12V-R169A/K170A, and pmGFP-H-rasG12V-R128A/ R135A were subcloned into the XhoI and PstI restriction sites of the pSNAP vector. The backbone of pSNAP vector is a pEGFP-C1 vector (Clontech) in which enhanced GFP was replaced by the SNAP tag (New England Biolabs, Ipswich, MA) between NheI and BsrGI restriction sites, while preserving the original reading frame.
Protein Expression and Purification-All A1-tagged proteins used in this study were expressed in the E. coli strain M15 (pREP4) (Qiagen, Hilden, Germany). Competent E. coli M15 (pREP4) cells were transformed with corresponding plasmids, and cultures were supplemented with ampicillin (100 g/ml) and kanamycin (50 g/ml) and induced with 100 -500 M isopropyl ␤-D-thiogalactopyranoside at an A 600 of 0.6 -0.8. Cells were cultured for 3 h at 37°C, collected by centrifugation at 6000 ϫ g for 20 min, and resuspended in 20 mM sodium phosphate, 5 mM MgCl 2 , 5 mM imidazole, 150 mM NaCl, pH 8.0. The bacteria were disrupted by freezing/thawing three times followed by sonication. Nondisrupted cells and large debris were removed by centrifugation at 49,000 ϫ g for 60 min at 4°C. The His-tagged proteins were further purified using a HiTrap nickel-nitrilotriacetic acid column (GE Healthcare) and eluted with 150 -400 mM imidazole. The His tag was then removed by proteolysis with PreScission protease (GE Healthcare), according to the manufacturer's instructions (2 units of protease per 100 g of protein overnight), and the final protein was further separated from uncleaved, His-tagged protein by nickel-nitrilotriacetic acid chromatography. The removal of salt was carried out by dialysis against 25 mM HEPES, 40 mM NaCl, 3 mM MgCl 2 , pH 7.2, for 16 h at 4°C. Nucleotide exchange on the H-ras molecule was performed according to Tucker et al. (29) with minor modifications. In brief, the bound GDP present in purified samples of H-ras could be exchanged against other nucleotides (GTP and mant-GTP/GDP) in the presence of EDTA. The mant-GTP␥S-loaded H-ras was obtained by titration of 100 nM mant-GTP␥S (or 500 nM mant-GDP) with purified H-ras in the presence of 5 mM EDTA. The reaction was monitored by following the fluorescence anisotropy of the mantnucleotide. Once the binding was saturated, the titration was stopped by addition of 20 mM MgCl 2 . Mant-GTP␥S-loaded H-ras was immediately used to study the affinity between the RBD and H-ras mutants in solution. No further purifications were necessary as the nucleotide-free H-ras has a much lower affinity for the RBD (30, 31) . The change in anisotropy due to a loss of mant-GTP␥S from H-ras was negligible for the duration of a typical experiment (less than 1% in 2 h), as established in control experiments in the absence of the RBD (k off ϳ1.5 ϫ 10 Ϫ4 s Ϫ1 ; data not shown).
Fluorescence Anisotropy Measurements-Fluorescence anisotropy was used to study the affinity between the RBD and H-ras mutants in solution. Typically, 100 nM mant-GTP␥S or 500 nM mant-GDP-loaded H-ras were used for each assay. Steady-state anisotropy measurements were performed with a Synergy H1 hybrid fluorescence plate reader (BioTek, Winooski, VT) equipped with a polarization filter cube. Fluorescence measurements were done using a bandpass 340/ 30-nm excitation filter and by monitoring the emission using a bandpass 485/20-nm filter. Parallel and perpendicular excitations were used, and the emission intensities were acquired sequentially. Fluorescence anisotropies were calculated from the measured fluorescence intensities, according to Equation 1,
where r is the fluorescence anisotropy; I vv is the fluorescence emission intensity detected with vertically polarized excitation and vertically polarized emission; I hv is the fluorescence emission intensity detected with horizontally polarized excitation and vertically polarized emission, and G() is the correction factor (G() ‫؍‬ 1 for between 300 and 700 nm, BioTek communication) for the Synergy H1 hybrid reader (32) . Measurements were conducted at room temperature in buffer containing 25 mM HEPES, pH 7.2, 100 mM NaCl, and 3 mM MgCl 2 . Data processing was done using Gen5 software (version 2.01, BioTek), and K d values were determined using GraphPad Prism 6 software (GraphPad Software Inc., La Jolla, CA). The global fitting of anisotropy data were done taking the RBD depletion into account as shown in Equation 2,
where Y is the change in anisotropy after the addition of the chosen concentration of RBD; B max is the maximum change in anisotropy due to the specific binding, and D is calculated as shown in Equation 3 ,
where L t is the concentration of the fluorescently labeled H-ras (100 nM); K d is the dissociation constant of the complex (fluorescently labeled H-ras ⅐ RBD), and X is the concentration of RBD (33, 34) . Cell Culture-BHK cells and Gal-1 knock-out mouse embryonic fibroblasts (Gal-1 Ϫ/Ϫ MEFs) were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS, L-glutamine, penicillin (100 units/ml), and streptomycin (100 g/ml). They were grown to a confluency of 80% (8 ϫ 10 7 cells/ml) and subcultured every 2-3 days. Gal-1 Ϫ/Ϫ MEFs were a kind gift from the laboratory of Prof. Yoel Kloog (35) . For Western blotting analysis and fluorescence recovery after photobleaching (FRAP) experiments, 200,000 cells were seeded in a 6-well plate (Cellstar catalog no. 657 160, Greiner Bio-one, Stonehouse, Gloucestershire, UK), and after 24 h, they were transfected using JetPRIME transfection reagent (Polyplus Transfection, New York) with the following plasmids: pmGFP-H-rasG12V, pmGFP-H-rasG12V-R169/K170A, or pmGFP-H-rasG12V-R128/135A. Plasmids were transfected alone or together with galectin-1 cDNA containing plasmids pcDNA3-asGal-1 in the case of depletion or with plasmids pmRFP-Gal-1 or pcDNA3-Gal-1 in the case of overexpression. For FLIM experiments, 100,000 cells were seeded on a 6-well plate on glass coverslips, and transfection with corresponding plasmids was done after 24 h using FuGENE 6 transfection reagent (Promega, Fitchburg, WI).
FLIM-FLIM-FRET experiments were done using a lifetime fluorescence imaging attachment (Lambert Instruments, Leutingwolde, The Netherlands) on an inverted microscope (Zeiss AXIO Observer.D1, Jena, Germany). 48 h post-transfection, cells expressing the H-ras mutants pmGFP-H-rasG12V, pmGFP-H-rasG12V-R169A/K170A, and pmGFP-H-rasG12V-R128A/R135A alone or with pmRFP-RBD, pcDNA3-Gal-1, or pmRFP-Gal-1 were fixed in 4% paraformaldehyde/PBS for 20 min and washed in PBS, and coverslips with cells were then mounted with Mowiol 4-88 (81381, Sigma) on microscope slides. Samples were excited with sinusoidally modulated (40 MHz) epi-illumination at 3 watts and 470 nm, using a temperature-stabilized multi-LED system (Lambert Instruments). Cells were imaged with a ϫ63 NA 1.4 oil objective using an appropriate GFP filter set (excitation, bandpass 470/40; beam splitter, FT 495; emission, bandpass 525/50). The phase and modulation fluorescence lifetimes were determined per pixel from images acquired at 12 phase settings using the manufacturer's software. Fluorescein at 0.01 mM, pH 9, was used as a lifetime reference standard (lifetime 4.0 ns). The phase lifetime of the donor (mGFP constructs) was determined for regions of interest containing 1-5 cells, coexpressing the indicated constructs. The percentage of the apparent FRET efficiency (E app ) was calculated using the measured lifetimes of each donor-acceptor pair ( DA ) and the average lifetime of the donor only ( D ) samples. The formula employed for this was taken from (36) Equation 4 ,
Confocal FLIM (TCSPC-FLIM)-Fluorescence lifetime imaging with subcellular resolution was done on a confocal microscope by means of time-correlated single photon counting (TCSPC). FLIM was performed on an inverted confocal laser-scanning microscope (Leica TCS STED, Leica Microsystems GmbH, Wetzlar, Germany) using a ϫ100 silicone oil immersion objective (NA 1.4). Samples were excited using a tunable Titanium:Sapphire Mai Tai laser (Spectra-Physics, Santa Clara, CA) delivering femtosecond pulses at a rate of 80 MHz with an output power of 1.9 watts for the selected wavelength of 900 nm. This wavelength was found to be optimal for the two-photon excitation of mGFP in mGFP/mRFP FRET pairs. Collection of the fluorescence was done by employing an avalanche photodiode detector and a bandpass filter to select the signal in the range 500 -530 nm. Emitted photons from the donor fluorophore were collected and counted using the Time-Harp 200 (PicoQuant, Berlin, Germany) time-correlated single photon counting board. Laser power was adjusted to achieve a photon collection count of 150 photons/s. Images were acquired during 7 min in a 256 ϫ 256 format, and the fluorescence lifetime was calculated for each pixel. Data acquisition and processing was done using the SymPhoTime software (PicoQuant).
STED-FCS Measurements in Cells-A combination of STED and FCS was used to assess the diffusion dynamics of H-ras. The STED-FCS setup used and its calibration procedure include minor changes from the setup and calibration described in detail elsewhere (37) . BHK-21 cells were seeded on microscopy grade glass coverslips (diameter 18 mm, number 1 thickness) to a confluency of about 90% and grown at 37°C in a water-saturated atmosphere of 5% CO 2 in air. SNAP-tagged H-rasG12V proteins expressed in those cells were fluorescently labeled with the silicon-containing rhodamine (SiR) dye (38) . The SNAP tag is a 20-kDa mutant of the DNA repair protein O 6 -alkylguanine-DNA alkyltransferase. O 6 -Alkylguanine-DNA alkyltransferase binds irreversibly and covalently benzylguanine derivatives. In the presence of a benzylguanine derivative that is bound to a synthetic probe, such as the fluorophore SiR, the SNAP-tagged protein becomes labeled with that synthetic probe (39) .
During measurements cells were kept at 23°C in Dulbecco's modified Eagle's medium (DMEM) without phenol red and buffered with 10 mM HEPES (HDMEM). We assessed the H-ras dynamics by placing the co-centered excitation and STED beams on random positions in the plasma membrane adherent to the surface and completed all measurements before any significant morphological changes of the cell could occur. Acquisition times were 10 s, which were thus 2 orders of magnitude longer than the typical transient times of H-ras proteins through the confocal observation area. The apparent diffusion coefficients for each H-ras orientation mutant were calculated from at least 7 and up to 30 measurements per given observation diameter. Repeated measurements were performed on the same cell, as well as on different cells. Results are given as the average Ϯ S.E. of measurements acquired under identical treatment conditions.
Western Blot Analysis-Twenty four hours after transfection, cells were harvested using a buffer containing 50 mM dithiothreitol, 2% SDS, 10% glycerol, 0.1 M bromphenol blue, and 10 mM Tris-HCl, pH 6.8. Proteins from 20 l of cell extract were first separated using SDS-PAGE (14%) and then electroblotted on a nitrocellulose membrane (GE Healthcare). After blocking with 5% milk powder in TBS ϩ 0.1% Tween 20, membranes were probed with primary antibody for galectin-1 (sc-28248 Santa Cruz Biotechnology, Dallas, TX) diluted 1:3000 and then with secondary peroxidase-conjugated bovine anti-rabbit IgG antibody (sc-2370 Santa Cruz Biotechnology) diluted 1:3000. ␤-Actin or GAPDH was used for normalization. Membranes were first probed with primary antibody for ␤-actin (A1978 Sigma) or GAPDH (SAB1405848 Sigma) diluted 1:500,000 and then secondary peroxidase-conjugated bovine anti-mouse IgG antibody (Santa Cruz Biotechnology, sc-2954) diluted 1:3000. Secondary antibodies were detected using enhanced chemiluminescence (ECL Prime Western Blotting Detection Reagent, GE Healthcare). Quantification of the signal intensities was performed using Quantity One software (Bio-Rad). Endogenous levels of Gal-1 in BHK cells were determined from the Western blot standard curve of purified Gal-1 that was expressed from the pOPINE2-Gal-1-His plasmid.
Fluorescence Recovery after Photobleaching-FRAP was used to monitor diffusion properties of H-rasG12V mutants, under three different conditions: endogenous cellular Gal-1, mRFP-Gal-1 overexpression, and Gal-1 depletion (see under "DNA Constructs and Molecular Cloning" for details). Experiments were performed 24 h after transfection. Cells were kept in Ringer's buffer (10 mM HEPES, 10 mM glucose, 2 mM NaH 2 PO 4 ⅐H 2 O, 1 mM MgCl 2 ⅐6H 2 O, 2 mM CaCl 2 , 5 mM KCl, 155 mM NaCl, pH 7.2) at 22°C. All data were acquired on a Leica TCS SP5 STED microscope (Leica Microsystems GmbH, Wetzlar, Germany) using the FRAP wizard from the manufacturer. Cells were imaged using confocal microscopy (excitation, 488 nm; detection, 497-568 nm) with bidirectional scanning at a 700 Hz frequency, 512 ϫ 512 resolution, and ϫ15 zoom (pixel size 0.0201 m). Under these conditions, we obtained a time between frames of 1.514 s. The first five frames were taken with only 10% of the laser intensity (laser nominal power is 65 milliwatts) and were used as a reference for normalization. In the next 20 frames, a square region of interest of 2.5 ϫ 2.5 m 2 was bleached using the full laser power to reduce the fluorescence signal in the region to 30 -50% of the initial intensity. To monitor the recovery, an additional 75 frames were taken with 10% of the laser intensity. Fluorescence signals were quantified in ImageJ 1.47g (National Institutes of Health, Bethesda), and recovery curves were normalized using the fluorescence intensity obtained in the first five frames, before photobleaching. The apparent characteristic half-time of recovery and the immobile fraction were determined using curve fitting analysis in IGOR Pro 6 (WaveMetrics, Tigard, OR) according to Equation 5 by Feder et al. (40) .
In this equation, F(t) represents the normalized fluorescence intensity; t is the time; F ∞ is the normalized intensity after an infinite time; t1 ⁄ 2 is the half-time of recovery, and F 0 is the fluorescence intensity at t ϭ 0, immediately after bleaching. Immobile fractions Q were calculated using
For each sample ϳ10 experiments were performed. Statistical Analysis-Statistical differences between the different samples studied by FLIM, FRAP, and fluorescence anisotropy were established using analysis of variance. The analysis of variance test was complemented by Tukey's honestly significant difference test to establish which pairs of samples were significantly different. Analysis was performed using the software R version 2.15.2 (R Development Core Team, Vienna, Austria).
Simulations of Nanocluster Formation-Simulations of nanocluster formation were performed according to the schematic representation of the different reaction paths presented in Fig. 8 , and using the variables and equations introduced in supplemental Tables S1 and S2. In our nanocluster model system, we had 1000 H-ras-GTP (in the following short H) molecules and observed the changes in the number of nanoclusters, depending on the number of Gal-1 molecules (in the following short G) and most importantly depending on the orientation mutant-specific HG complex stability, as defined by its lifetime. The concentration changes of the individual complexes were described using ordinary differential equations, which were solved by numerical simulation using the software R version 2.15.2 (R Development Core Team) and the ordinary differential equation solver package "deSolve" created by Karline Soetaert, Thomas Petzoldt, and R. Woodrow Setzer. Simulations were run until stability of the concentrations of all individual complexes was reached, typically 100 steps of 0.1 s. Each of these concentrations at stability was recorded as the final concentrations for the particular set of initial conditions. The initial concentration (number of molecules) for H-ras was always the same (H(t ϭ 0) ϭ 1000)), whereas different initial concentrations of Gal-1 (G(t ϭ 0)) were evaluated between 0 and 15,000 with 100-unit increments. Initial concentrations for any other individual complex was always inputted as zero.
To find the specific conditions for the model to reproduce the experimental data, eight fitting parameters were used as follows: dissociation rates r 1 and r 2 ; association rates a 1 and a 2 ; collapse rate c 1 ; and parameters Ras On , Gal On , and Coll Gal that describe the changes of those rates as higher n-mer clusters are reached. Two of these parameters have constraints. One is due to the fact that r 1 and a 1 are linked through the dissociation constant of two Ras proteins K d1 , and the other one is due to the fact that r 2 and a 2 are linked through the dissociation constant of the HG complex K d2 . This left a total of six unconstrained parameters. Final fitting parameters are presented and described in detail in supplemental Tables S1 and S2.
Fits have been performed first for H-rasG12V using as starting point for the association, dissociation, and collapse rates, the experimentally derived formation time of a nanocluster (Ͻ1 s) (41) or the lifetime of nanoclusters (Ͻ0.5 s) (7, 41, 42) . For Ras On , Gal On , and Coll Gal , initial values were chosen as 1, meaning identical conditions of binding at all levels of clustering (monomer, dimer, trimer, etc.). For Gal On and Coll Gal , values higher than 1 establish the positive cooperative effect present when more molecules of Gal-1 are involved ( Fig. 8 , box i). Gal On leads to higher association rates (both for binding of additional Gal-1 or H-ras), and Coll Gal decreases the collapse rate of higher n-mer clusters. In the case of Ras On , values higher than 1 represent negative cooperativity as Ras On decreases the association rates of H-ras at higher levels of organization in the nanocluster formation process ( Fig. 8, box ii) . This negative cooperativity is necessary to prevent all H-ras from being bound into nanoclusters.
To obtain the fits for mutants H-rasG12V-R169A/K170A and H-rasG12V-R128A/R135A, parameter results obtained from H-rasG12V were used as starting values. Most importantly, these were adjusted to reflect the experimentally determined relative affinities between H-ras and Gal-1, which increase in the order H-rasG12V-R169A/K170A Ͼ H-rasG12V Ն H-rasG12V-R128A/R135A (18) . Affinities between H-ras and H-ras were found in the model to be unequal and increase in the order H-rasG12V-R128A/R135A Ͼ Ͼ H-rasG12V Ն H-rasG12V-R169A/K170A. Although this assumption cannot be verified experimentally, it is in line with a recent coarse grain structural computational simulation of the two H-ras conformers that are represented by our orientation mutants, showing that the two conformers interacted differently in their clusters, which is consistent with the modeled different affinities (43) .
An immobile and functional nanocluster is formed, once four H molecules have assembled. This H-ras-GTP 4-mer represents the smallest nanocluster unit size found by both structural and Monte-Carlo computational simulations of Ras polypeptides (44, 45) and agrees with the minimal number of Ras found experimentally in a nanocluster (6) . To lower computational efforts, we had to exclude higher cluster oligomers. Any immobile (4-mer) H-ras-GTP nanocluster will recruit RBD molecules. This incorporates evidence from single molecular data that suggest that the effector Raf is recruited only to immobilized Ras-GTP (7, 41, 42) . For this recruitment step, which we do not explicitly model, we assume that the average time for an RBD to find an H-ras-GTP in a nanocluster is smaller than the lifetime of a nanocluster. Thus, the RBD can "sense" the different lifetimes of nanoclusters. Also, the lifetime of an H-ras-GTP⅐RBD complex has to be of similar magnitude as that of the nanocluster, to prevent that the RBD remains bound to H-ras-GTP after the nanocluster has collapsed. Both assumptions are based on published data, such as the relation of the lifetime of a nanocluster (Ͻ0.5 s) (7, 41, 42) , compared with the binding time and the lifetime of the highly dynamic H-ras-GTP/RBD binding process (binding time 0.007-0.05 s; lifetime 0.1-0.5 s). These values were calculated from literature values of k on (30 -35 M Ϫ1 s Ϫ1 ) and k off (2-6 s Ϫ1 ), respectively (46 -48) . In the case of the binding time, we are assuming an equilibrium concentration of the H-ras-GTP⅐RBD complex in the range 0.5-5 M.
RESULTS

H-ras Orientation Mutants Interact Identically with the Ras
Binding Domain of the Effector c-Raf in Solution-Our previous structure of focused computational and cell biological work established different Raf effector recruitment and MAPK signaling strengths for H-rasG12V mutants that represent different conformational states of Ras on the membrane (Fig. 1A) (17, 19) . H-rasG12V with mutations R169A/K170A in the hvr increases, whereas mutations R128A/R135A on helix ␣4 decreases effector recruitment and MAPK signaling. Because of their bona fide impact on the conformation or orientation of H-ras on the membrane, we here refer to these mutations as "orientation mutations." H-ras orientation-mutations are distant from the effector interaction surface (Fig. 1A) ; therefore, the structural basis for their specific Raf effector recruitment levels and ensuing signaling changes remained unresolved.
To understand how they exhibit their specific biological activity, we first verified our previous assumption that effector binding to nonmembrane-bound H-ras is thermodynamically unaffected by the orientation mutations on helix ␣4 or the hvr. We therefore studied the interaction of purified H-ras orientation mutants with the Ras binding domain of c-Raf (in the following short: RBD) in solution, using a fluorescence anisotropy binding assay. Both H-ras orientation mutants showed RBD binding identical to that of WT H-ras in vitro ( Fig. 1B and Table 1 ).
We next wanted to confirm that this was also true in cells, by analyzing these interactions using FRET between mGFP-labeled H-ras (mGFP-H-rasG12V, donor) and mRFP-labeled RBD (mRFP-RBD, acceptor). Confocal FLIM-FRET images showed increased FRET mainly at the cell periphery consistent with the recruitment of the RBD to plasma membrane-bound active Ras ( Fig. 2A, middle) . We then analyzed cells that were treated with compactin, a HMG-CoA reductase inhibitor that efficiently blocks prenylation and thus membrane anchorage of Ras (49, 50) . This led to a cytoplasmic redistribution of the Ras⅐RBD complex ( Fig. 2A, right) , which to our surprise was accompanied by a reduction of FRET throughout the cytoplasm. Therefore, compactin treatment allowed us to study the interaction of the H-ras orientation mutants with the RBD in solution, while remaining in the intact cellular environment that contained any putative binding modulators.
We next used this assay to establish quantitative differences between the orientation mutants, using wide-field FLIM-FRET measurements. In the absence of compactin, the FRET levels of the hyperactive H-rasG12V-R169A/K170A and H-rasG12V or H-rasG12V-R128A/R135A were significantly different, as reported previously (17) . Consistent with our in vitro data, compactin treatment abolished these differences (Fig. 2B ), confirming that different RBD recruitment arises only if H-ras orientation mutants are membrane-bound. As already observed in the confocal FLIM data ( Fig. 2A, right) , the apparent A, structures of the c-Raf RBD (green) bound to the computationally generated models of membrane-bound H-ras (blue) in the GDP (left) and GTP (right) conformations. These conformers are stabilized by residues Arg-169/ Lys-170 in the hvr and Arg-128/Arg-135 of the helix ␣4, respectively. The structure 1GUA was overlaid onto the previously described computational models of membrane-bound H-ras (19) . Note that mutations of these residues modulate effective RBD interaction in cells, but they are distant from the effector binding site. B, fluorescence anisotropy binding assay of the RBD and H-ras wild type (residues 2-189) (gray circles), H-ras-R169A/K170A (red triangles), or H-ras-R128A/R135A (black squares) loaded with mant-GTP␥S. The latter two orientation mutants, where membrane-contacting residues were neutralized, represent the two conformers shown (A, right and left, respectively). Binding curves for the mant-GTP␥S condition were obtained using the global fitting function reported under "Experimental Procedures." Data for mant-GDP (data not shown) did not suggest any significant interaction. Error bars represent the mean Ϯ S.E. (n Ն 4).
TABLE 1 Dissociation constants of the interaction of H-ras orientation mutants with the Ras binding domain of C-Raf
In vitro dissociation constants (K d ) of the C-Raf-RBD and mant-GTP␥S-bound H-ras (residues 2-189; 100 nM) with or without orientation mutations determined from fluorescence anisotropy measurements. K d values Ϯ S.E. are listed (n Ն 4). Statistical analysis did not reveal any significant difference between the three mant-GTP␥S-bound H-ras orientation mutants; see under "Experimental Procedures" for details about statistical analysis.
H-ras, WT
FRET efficiency dropped significantly, while still being high enough to suggest that a complex containing Ras and the RBD was relocalized to the cytoplasm after compactin treatment. In conclusion, outside of the membrane H-ras orientation mutants bind identically to the c-Raf-RBD, consistent with our model in which we propose different conformational states on the membrane that dictate the downstream activity of H-ras by an unknown mechanism.
STED-FCS Experiments Reveal Specific Gal-1-dependent Transient Nanoclustering of H-ras Orientation Mutants-We
hypothesized that the higher FRET efficiency of membraneanchored H-ras orientation mutants with the RBD, as compared with the cytoplasmically redistributed complex, was due to an increase in the recruitment efficiency of Ras up-concentrated in the membrane. In the plasma membrane, Ras is organized in nanoclusters (8) . We showed previously that the nanocluster scaffolding protein galectin-1 (Gal-1) interacts differently with the H-ras orientation mutants (18) . Gal-1 can increase H-rasG12V nanoclustering and effector recruitment (11) . This led us to investigate in detail whether orientation mutant-dependent differences in Gal-1 interaction could give rise to specific changes in H-ras nanoclustering and subsequent effector recruitment.
We reasoned that this interaction would lead to specific incorporation probabilities of H-ras into an immobile nanocluster (Fig. 3A) . To assess specific membrane diffusion dynamics of different H-ras orientation mutants due to transient nanoclustering, we employed STED-FCS. Conventional FCS can be applied to study membrane dynamics by giving insight into diffusion characteristics of membrane proteins and lipids (51, 52) . Nevertheless, being limited by the diffraction of light, this technique cannot resolve dynamics at the nanoscale. By combining it with STED microscopy, a method that breaks the diffraction limit of light in fluorescence microscopy, STED-FCS is able to resolve membrane dynamics with unprecedented resolution (53) . In STED-FCS, the diffusion coefficient of a target molecule is measured at different scales. How the apparent diffusion coefficient varies with the area of observation defines the diffusion characteristics of the target molecule. For example, free diffusion is characterized by a constant diffusion coefficient, which is independent of the scale of observation. Transient clustering, however, is characterized by an apparent dif- fusion coefficient that decreases as the observation area is decreased (51, 53) . Transient clustering occurs because as the observation area is reduced it gets closer and closer to the characteristic cluster size, making anomalous diffusion more and more evident.
In live BHK cells, we labeled H-ras orientation mutants N-terminally with the silicon-containing rhodamine dye SiR, using SNAP tag technology (38) . Then we determined H-ras mutant diffusion coefficients at various diameters of the observation area under three different conditions (Fig. 3B) as follows: normal/endogenous Gal-1 levels (10.0 Ϯ 0.9 M; Fig. 4, A and  B) ; antisense-mediated Gal-1 depletion (reduction of endogenous levels to ϳ50%; Fig. 4, C and D) , and Gal-1 overexpression (here ϳ2-fold over endogenous; Fig. 4 , E-G, and Table 2 ).
With normal/endogenous Gal-1, all of the mutants had decreasing apparent diffusion coefficients (D) with decreasing observation spot size (diameter d), indicating transient nanoclustering ( Fig. 3B ). Overexpression of Gal-1 further enhanced the decrease of D with smaller d, while decreasing Gal-1 levels render the D(d) dependences for all orientation mutants more consistent with free diffusion, i.e. very low levels of Gal-1 do not affect transient nanoclustering sufficiently; therefore, the diffusion of Ras proteins resembles more free Brownian motion (Fig.  3, B and C) .
We quantified the hindered diffusion using the slopes of the D(d) curves in the approximate linear regime with d ranging between 150 and 240 nm (Fig. 3C ). Thus, we obtained three different slope profiles for the three different orientation mutants, which act like fingerprints of the three different molecular (conformational) states. H-rasG12V-R169A/ K170A showed the highest slope already at normal Gal-1 levels, although this was reached by H-rasG12V only when Gal-1 was overexpressed. However, even in this Gal-1 overexpression condition, H-rasG12V-R128A/R135A did not reach the highest slope. This evolution of increasing Gal-1dependent hindered diffusion in the order H-rasG12V-R169A/K170A Ͼ H-rasG12V Ͼ H-rasG12V-R128A/R135A is consistent with the order of membrane-dependent Gal-1 binding of these mutants (18) and their biological activity profiles (17, 19) . Therefore, our STED-FCS data suggested different Gal-1-dependent nanoclustering propensities of H-ras orientation mutants.
H-rasG12V Orientation Mutants Show Specific and Gal-1 Dose-dependent Immobilization Responses in FRAP Experi
ments-After we had shown that Gal-1 mutant-specifically affects the emergence of nanoclusters, we next addressed whether this is also true in established nanoclusters (Fig. 5A ). Single molecule data showed that active Ras is immobilized in nanoclusters (10, 54, 55) , which is why the immobile fraction determined in FRAP experiments corresponds to the nanoclustered fraction of Ras (10) . Hence we used a FRAP assay to detect Gal-1-dependent differences in nanoclustering of H-ras orientation mutants (Fig. 5, B and C) .
With normal Gal-1 levels, both H-rasG12V and the more active H-rasG12V-R169A/K170A have a high immobile fraction of ϳ0.5 (Fig. 5C) . Conversely, the less active mutant H-rasG12V-R128A/R135A was significantly (p Ͻ 0.1) less immobile. Interestingly, with high overexpression of Gal-1 (this time ϳ5-fold over endogenous; Fig. 4 , E and G, and Table 2 ) we could only achieve a maximum of ϳ60% immobile H-ras, irrespective of which mutant we studied (Fig. 5B) . With Gal-1 depletion, the immobile fraction of H-rasG12V and H-rasG12V-R128A/R135A significantly decreased to ϳ0.26, whereas that of H-rasG12V-R169A/K170A decreased a little further down to ϳ0.17 (Fig. 5C ). For comparison, the immobile fraction of H-rasG12V in Gal-1 knock-out MEFs was ϳ0.08. These data are in line with our STED-FCS data, which indicated that the nanoclustering behavior of H-rasG12V-R169A/K170A is more sensitive to Gal-1 levels than that of H-rasG12V or H-rasG12V-R128A/R135A. In summary, FRAP data revealed a mutation-specific dependence of the immobilization (nano- 
clustering) response of our H-ras mutants on cellular Gal-1 levels.
c-Raf-RBD Recruitment Is Mutant-specifically Modulated by Gal-1 Levels-If changes in nanoclustering underlie the differential recruitment of the effector fragment RBD to H-ras orientation mutants, then Gal-1 levels should also modulate this process (Fig. 6A ). We therefore again performed FLIM-FRET experiments in BHK cells and measured FRET of mGFP-tagged H-ras orientation mutants when coexpressed with the mRFPtagged RBD at increasing Gal-1 levels (Fig. 6, B and C) .
As compared with the normal Gal-1 condition, ϳ2-fold overexpression of Gal-1 (Fig. 4, F and G) led to a small but significant increase of FRET for all mutants, indicating increased recruitment of the RBD. Importantly, the relative difference between the orientation mutants remained the same, i.e. the hyperactive mutant H-rasG12V-R169A/K170A showed the highest FRET (Fig. 6C ). However, knockdown of Gal-1 drastically decreased the FRET to an extent that there were no more significant differences between the H-ras orientation mutants. Additional treatment with compactin did not further decrease FRET.
Thus, three Gal-1-dependent RBD recruitment responses were observed. Similar to the FRAP and STED-FCS data, we found that H-rasG12V-R169A/K170A displayed the largest change in FRET, when moving from low to normal Gal-1 levels. In addition, H-rasG12V FRET changes were smaller and identical to those of H-rasG12V-R128A/R135A. In conclusion, these FRET data confirmed our hypothesis that Gal-1-dependent differences in nanoclustering direct the H-ras orientation mutantspecific effector recruitment from the cytosol.
Computational Modeling Reveals That RBD Recruitment Depends on the Fraction and the Lifetime of H-ras Nanocluster-
It was previously observed that the nanoclustered fraction of K-ras is similar to the fraction of the RBD recruited to Ras on the plasma membrane, consistent with recruitment of the RBD only to nanoclustered Ras (16) . However, in addition to the fraction of Ras in nanoclusters, also the stability or lifetime of nanoclusters would affect how many Raf molecules can be recruited. For H-ras it is known that Gal-1 strongly regulates these parameters (10, 11) , and it is plausible that they vary depending on the H-ras-GTP⅐Gal-1 complexation (18) .
Because of the complexity of the nanocluster-reaction system with three interaction partners and many unknown molecular mechanistic details, we developed a computational model, which would help to understand the quantitative relationship between the fraction of nanoclustered H-ras mutants (Fig. 5C ) and that of the recruited c-Raf-RBD (Fig. 6C ). We incorporated current knowledge on Ras nanoclustering in our model system, which we otherwise tried to keep as simple as possible ( Fig. 8 and supplemental Tables S1 and S2). In brief, we used a deterministic set of ordinary differential equations and solved them by numerical simulation. In our mathematical nanoclustering model, we assumed that an immobile nanocluster is formed . E, representative Western blots for co-overexpression using mRFP-Gal-1. Labeling shows expressed constructs on top and probed molecular species on the left. Endogenous and overexpressed Gal-1 have different molecular weights due to the mRFP label in the overexpressed Gal-1. The unspecific signal from the galectin-1-antibody that is present when mRFP-Gal-1 is overexpressed was subtracted in our quantification. F, representative Western blots for overexpression using pcDNA3-Gal-1. G, ratio between the overexpressed Gal-1 (pcDNA3-Gal-1 or pmRFP-Gal-1) and the endogenous Gal-1. In the case of overexpressed pmRFP-Gal-1, calculations were done independently for cells expressing indicated H-ras mutants. In the case of pcDNA3-Gal-1, levels were determined on BHK cells with endogenous Ras (see Table 2 ). Results are averaged from three independent experiments. a Average corresponds to the combination of the three mutants coexpressed with mRFP-Gal-1. ANOVA test showed that differences between mutants were statistically not significant (p ϭ 0.33, n ϭ 3).
step-by-step and contains four H-ras-GTP molecules (Fig. 8) .
The rate of nanocluster formation depends on the number of proteins of the nanocluster scaffold Gal-1 and most importantly on the known H-ras-GTP orientation mutant⅐Gal-1 complexation tendencies (18) . This was basically observed in the STED-FCS experiments (Fig. 3) , which showed that Gal-1dependent incorporation of our H-ras variants into nanocluster follows the order H-rasG12V-R169A/K170A Ͼ H-rasG12V Ն H-rasG12V-R128A/R135A. Finally, any immobile nanocluster was assumed to be capable of recruiting the RBD for the duration of its lifetime.
With our model, we could reproduce several important experimental observations. We could capture the ratio between H-rasG12V and endogenous Gal-1 (1:2.5 experimentally and 1:2.3 by modeling) that was required to realize the same immobile fraction (Fig. 7A) . The experimentally observed lower and upper limits in the immobile (nanoclustered) fraction were also found in the simulations. For all mutants, the simulations showed an immobile fraction obeying 0 Ͻ immobile fraction Ͻ 0.1 in the absence of Gal-1. This is supported by our experimental FRAP data in Gal-1 knock-out MEFs, where we found an immobile fraction of 0.08 Ϯ 0.04 (Fig. 5C) . Also, the observed maximal immobile fraction of ϳ0.6 was properly reflected in our model. Most importantly, our model evidenced that small or even no differences in the nanoclustered fraction could lead to large differences in RBD recruitment (Fig. 7, A and B) .
This explains our observation of the up-and down-modulated nanoclustering of the orientation mutants as compared with H-rasG12V. This can be seen especially when focusing on results obtained at low Gal-1 concentrations; H-rasG12V-R128A/R135A has low binding rates with Gal-1, as compared with its rate of association with another Ras into a growing nanocluster. This results in preferential incorporation of Gal-1 not into growing nanoclusters (Ͻ4 H-ras-GTP; Fig. 8 (Fig. 9B) . Conversely, high Gal-1 binding rates favor binding of Gal-1 to free H-rasG12V-R169A/K170A and allow for the formation of many new nanoclusters ( Fig. 9B ) that include Gal-1 from early steps ( Fig. 8, box  ii) . This H-ras mutant therefore effectively bypasses intermediate nanocluster configurations and goes straight to fully stabilized (H 4 G 4 ) nanoclusters ( Fig. 9B) . At higher Gal-1 concentrations our simulation was allowed to follow the development of intermediate nanocluster number and stability, both of which decrease due to the formation of more and more fully stabilized nanoclusters ( Fig. 9, C and D) .
In conclusion, our computational model could capture essential quantitative features of our experimental data. It clarified that Gal-1 induced stabilization of nanoclusters and the H-ras mutant, specifically affect the fraction and lifetime of the various nanocluster configurations. This allows for specific recruitment rates of the RBD, even if the overall nanoclustered fraction is identical.
DISCUSSION
We have demonstrated H-ras membrane conformer/orientation-specific nanoclustering responses that allosterically regulate effector recruitment. We here use allosterism following the concept advanced by Kuriyan and Eisenberg (56) , who proposed a broader definition that includes any structural and organizational changes that impact on the conformation or active site organization (57) . Classical signaling defects of Ras activity can be readily detected by biochemical methods in solution. However, our findings would have gone unnoticed by classical biochemical approaches, due to the membrane-associated re-tuning of the Ras nanocluster system-response that leads to profound and systematic alterations of Ras/MAPK signaling strength (17, 18) .
Based on our results, we suggest the following model. Different H-ras orientation mutants that shift the conformational equilibrium of H-ras on the membrane have different abilities to form specific complexes that contain the nanoclustering scaffold protein Gal-1 (18) . The exact structural details of this interaction are unknown, but the fact that membrane anchorage is required for a clear discrimination of the mutants is in agreement with different conformers having different complexation abilities. However, we cannot exclude at this point that the mutations on helix ␣4 or in the hvr directly perturb contacts between the two proteins. Alternatively, any complex that brings H-ras and Gal-1 into close proximity, i.e. within a FRET distance of ϳ5-7 nm, could be changed. The stability of these complexes determines the incorporation probability of H-ras into nanocluster and the lifetime of nanocluster, as evidenced by the combination of our experimental and simulation data. Longer lived nanoclusters can recruit more effectors to the membrane (Fig. 6) , which determines the input into the downstream MAPK signaling cascade. This implies that Ras signaling scales with the number and stability of nanoclusters. Thus, our results significantly extend the previous model (10, 16, 58) by revealing a complex, allosteric coupling between H-ras membrane conformers, Gal-1, and nanoclustering that dictates effector recruitment and signaling. The distinct dependence of H-ras orientation mutant nanoclustering on cellular Gal-1 levels may explain why differences in nanoclustering were not found significant by electron microscopic analysis (17) . Only our titration of cellular Gal-1 levels clearly revealed the different nanoclustering response profiles of the H-ras mutants.
It is generally conceivable that the fluorescent protein tags affect the affinity (here assessed by the total FRET) of interac-FIGURE 6. Effector recruitment to H-ras orientation mutants correlates with Gal-1-dependent nanoclustering. A, schematic representation of nanocluster formation and effector recruitment. Gray box highlights the interaction between H-ras orientation mutants in nanoclusters and the c-Raf Ras binding domain (RBD) that is studied here. B, BHK cells transiently expressing pmGFP-H-rasG12V-R169A/K170A, pmGFP-H-rasG12V, or pmGFP-H-rasG12V-R128A/ R135A and the acceptor mRFP-RBD were analyzed. Three different levels of galectin-1 were tested as follows: Gal-1 depletion, with or without 5 M compactin treatment, normal/endogenous cellular Gal-1 level, and Gal-1 overexpression. Examples of FLIM-FRET images of cells, expressing H-rasG12V-R128A/R135A under the above-described conditions. Image color look-up table on the right shows fluorescence lifetimes. C, apparent FRET efficiency was calculated from obtained fluorescence lifetimes. Blue vertical band represents the average Ϯ S.D. of the FRET efficiencies of our three mutants with Gal-1 depletion combined with compactin treatment. The cellular total Gal-1 concentration relative to endogenous galectin-1 in control BHK cells ([Gal-1]rel) is displayed to the left of the data. Error bars correspond to the mean Ϯ S.E., and numbers inside the bars correspond to the total number of cells imaged in each case. Three independent biological repeats were analyzed. Statistical differences between treated and untreated cells were tested; see under "Experimental Procedures" for details about statistical analysis (NS, nonsignificant, *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001).
tions of their fusion partners. Indeed, the residual dimerization tendency of enhanced GFP-like fluorescent proteins can lead to higher FRET in the specific case when FRET due to clustering of membrane anchors in the membrane is investigated (59) . Although we are using full-length proteins or protein domains, we nevertheless employed the monomeric variant of enhanced GFP, termed mGFP, to minimize the chances of tag-induced binding artifacts in the membrane context. The effect of enhanced fluorescent protein interaction on FRET in proteinprotein interaction studies was recently systematically addressed (60) . The objective was to increase the FRET by either enhancing the "stickiness" of fluorescent proteins or even to introduce helper interactions. Although background FRET was not increased, the maximum FRET in a given protein interaction biosensor could be significantly improved, albeit only to a small extent (e.g. 12-15% FRET efficiency in Ras/Raf1). However, in our case the fluorescent proteins are all fused in the same way to H-ras. This does not systematically affect the RBD binding, as evidenced by the congruence of in vitro binding data ( Fig. 1B) and our experiments in cells with compactin treatment (Fig. 2B) . Conversely, the systematic modulation of the effective RBD binding of H-ras orientation mutants that is observed when they are bound to the cellular membrane ( We developed a mathematical model of nanocluster formation, which incorporates essential published experimental parameters. Thus, we could show that the RBD recruitment is determined by the nanoclustered fraction in conjunction with the nanocluster lifetime, which both depend on the H-ras orientation mutant⅐Gal-1 complexation. Our previous results suggest that RBD recruitment (input into the MAPK-pathway) correlates exactly with MAPK signaling output. 2B) can only be explained by the introduced mutations. Moreover, results obtained with the SNAP tag, which is not known to have a dimerization tendency, lead to comparable results as those with the mGFP tags (compare Figs. 3C and 5C ). We therefore conclude that the fluorescent protein tags do not affect our conclusions on the H-ras orientation mutant-specific RBD recruitment. Importantly, our data suggest that Ras mutations can alter signaling not only by classical alterations of its biochemical properties but also by affecting nanoclustering. This has two broad implications for Ras biology. First, we previously showed that the systematic change of the activity of the H-ras orientation mutants is representative of several if not all Ras paralogs (18) . Therefore, our current results corroborate the exciting possibility that Ras paralog-specific signaling is critically affected by allosteric processes associated with membrane nanoclustering.
Second, we formerly also showed that orientation mutations on helix ␣4 and the hvr are linked to mutations in a novel switch III region, suggesting that the switch III is also involved in mediating membrane orientation of H-ras (17, 21, 22) . Therefore, based on the results presented here, mutations in this switch III region may lead to differences in Ras nanoclustering. Intriguingly, a number of cancer and RASopathy associated mutations can be found in the ␤2-␤3 loop and on helix ␣5 of Ras, which constitute the switch III (61). We postulate that some of these FIGURE 9 . Individual contributions of the intermediate nanocluster configurations to the total immobile fraction and RBD recruitment. In our model, we assume that the number of Gal-1 proteins bound to a nanocluster affects its stability. The specific H-rasG12V mutant⅐Gal-1 complex formation tendency thus significantly determines the rate of nanocluster formation and the stability of nanoclusters. Both the fraction of H-ras in nanoclusters and the nanocluster stability (measured by the lifetime) affect the recruitment of the effector (here the Ras-binding domain of c-Raf, RBD). A, schematic representation of the five nanocluster configurations, where we define those with Ͻ4 Gal-1 as intermediate, as they do not yet possess the final number of four Gal-1 on four H-ras-GTP. Arrows pointing out of the nanoclusters correspond to rates at which a specific nanocluster configuration will cease to exist or actually change configuration. These arrows are therefore contributing to the lifetime of the particular configuration. Red arrows correspond to association rates with free Gal-1 that lead to nanoclusters with more Gal-1 incorporated. The sizes of the red arrows have been adjusted to show the increasingly higher association rates as the number of Gal-1 in a nanocluster increases. Arrows pointing into the formation of each nanocluster configuration have not been displayed, as they do not have any effect on the nanocluster lifetime. See Fig. 8 for a complete scheme of reactions. The same legend as in Fig. 8 applies. Detailed results of our nanocluster simulation for (B) depleted, (C) normal, and (D) overexpressed Gal-1 levels. In each panel we show the number of H-ras-GTP in the different nanocluster configurations (top, left), the total number of H-ras-GTP in nanoclusters (top, right), the lifetime of the different nanocluster configurations (bottom, left), and the resulting RBD recruitment (bottom, right). Total numbers of H-ras-GTP in nanoclusters is calculated by adding the number of H-ras-GTP in each nanocluster configuration. These values can be easily converted into the nanoclustered fraction as the total number of H-ras is 1000. RBD recruitment is calculated by adding the fractional contribution of each nanocluster configuration weighted by their individual lifetimes. Bars in blue correspond to data from mutant H-rasG12V-R169A/K170A, in gray to H-rasG12V, and green to H-rasG12V-R128A/R135A. Individual nanocluster configurations are shown below the bars, with description shown in A. Note that except for the lifetime-plot, the scales in B are only half that of those in C and D. mutations lead to increased nanoclustering and therefore augmented signaling output of Ras in a tumor growth-promoting fashion.
In summary, our results are significant, as they suggest that the Ras nanoclustering system broadly impacts on Ras/MAPK signaling output in the physiological and pathophysiological context. Recent evidence suggests that certain approved drugs can have an impact on Ras nanoclustering (41, 62) . Therefore, we propose that targeting Ras nanoclustering to block or modulate aberrant Ras functioning may have exciting therapeutic potential for cancer and other diseases.
Finally, we anticipate that our findings on H-ras will also have relevance for other membrane-anchored signaling proteins. We have provided evidence for nanoclustering of heterotrimeric G proteins, Rho and Rab small GTPases, as well as Src family kinases (50, 63, 64) . Therefore, our results may represent another case, where insight into allosteric regulation of Ras by nanoclustering will be paradigmatic for other signaling proteins.
